The preparation and solid-state characterization of the dimers of the cyanophenyl-substituted 1,2,3,5-dithia-and 1,2,3,5-diselenadiazolyl radicals [NCC6H4CN2&]' (E = S, Se) are described. Crystals of the 4-cyanophenyl derivatives 4 are triclinic, space group Pi. The radicals dimerize in a cofacial fashion, with mean intradimer E---E spacings of 3.104/3.233 A (E = S/Se). The dimer units form ribbonlike arrays connected by head-to-tail CN---E contacts. The ribbons are packed in an antiparallel fashion with no close interdimer E---E contacts. The 3-cyanophenyl sulfur derivative 5 crystallizes in two phases. The a-phase, along with the isomorphous selenium compound, belongs to the monoclinic space group n i / n . As in the 4-cyano derivatives, the radicals dimerize cofacially, generating ribbons connected by head-to-tail CN---E contacts. The ribbons, however, are layered with CN& rings oriented into stacks parallel to the a axis. In addition to short intradimer E---E contacts (mean values = 3.13 (2)/3.27 (4) A for E = S/Se), there are relatively short interdimer E---E contacts (mean values = 4.26 (5)/4.15 (5) A (E = S/Se) along the stacking axis. The @-phase of the 3-cyanophenyl sulfur compound 5, monoclinic space group P2,/n, forms discrete dimers associated in a trans antarafacial fashion, with intradimer S---S contacts of 3.121 (1) A; there are no close interdimer S---S contacts. The 2cyanophenyl selenium derivative 6 crystallizes in the polar space group P2i. In this structure also the dimer units are laced together by short CN---Se contacts. The dimers form stacks parallel to the b axis, with mean intradimer and interdimer Se---Se contacts of 3.312/4.083 A, respectively. Lattice constants for the six structures are: 4 (E = S ) , CaHdN S2, a = 10.466 (3) A, b = 10.342 (2) A, c = 9.169 (2) A, a = 104.97 (2)O, @ = 112.97 (2)O, y = 69.84 (2)", V = 849.0 (3) A3, Z = 4; 4 (E = Se), CEH4N3Se2, a = 10.478 (4) A, b = 10.780 (4) A, c = 9.432 (4) A, a = 107.16 (3)O, 115.23 (2)O, y = 68.39 (3)O, V = 883.8 (6) A', Z = 4; 5 (E = S , a-phase), CEH4N3S2, a = 7.295 (3) A, b = 20.488 (2) A, c = 11.276 (2) A, @ = 95.54 (2)O, V = 1676.0 (7) A3, Z = 8; 5 (E = Se), CBH4N3Se2, a = 7.364 (8) A, b = 21.085 (2) A, c = 11.119 (4) A, @ = 94.91 (5)O, V = 1720 (7) A3, Z = 8; 5 (E = S, @-phase), CEH4N3S2, a = 8.782 (1) A, b = 5.638 (1 A, c = 17.128 (4) A, @ = 102.94 (2)", V = 826.5 (6) A', Z = 4; 6 (E = Se), CEH4N3Se2, a = 7.301 (1) A, b = 11.883 (2) 1, c = 10.186 (1) A, @ = 101.50 (1)O, V = 866.1 (5) A3, z = 4.
Introduction
We recently reported the preparation and structural and electronic characterization of 1,3-and 1,4-phenylene-bridged 1,2,3,5-dithiadiazolyl and 1,2,3,5-diselenadiazolyl biradicals [(E2N2C)C6H6(CN2E2)] 12*3 and z4 (E = S, Se) . This work has 4 ( 4 -c y W 5 (&cyano) 6 (2-cyano) evolved from our interestS in the design of molecular conductors based on the use of neutral rather than charged radicals as molecular building blocks. All these bifunctional radicals associate in the solid state, but the packing pattern for dimers, and even the mode of association, vary considerably. The dimers of the 1,4 derivatives (E = S, Se) adopt a herring-bone-like packing pattern, while the 1,3 derivatives (E = S, Se) stack in vertical arrays, with association occurring in a zigzag fashion through opposite ends of the diradical. The selenium-based 1,3-phenylene system also crystallizes in a second (or &) phase, in which the crescentlike dimers generate chainlike arrays. All the structures, particularly the selenium derivatives, are characterized by short interradical E---E contacts. Single-crystal conductivity studies suggest that both phases of the selenium-based 1,3 derivatives are intrinsic semiconductors, with band gaps of 0.55 and 0.77 eV for the a-and p-phases, respectively.
In order to understand better the molecular features that influence solid-state architecture, we have turned our attention to the packing patterns of "custom-built" monofunctional radicals.
To date, the structural evidence on simple dithiadiazolyl dimers [RCN2SJ2 (R = Ph, Me, NMe2, CFJ6 provides no indication that the desired5 mode of packing, Le., vertical arrays of cofacially aligned "plates", as in 3, can be obtained. The structure of [PhCN2Se2I2, the only characterized selenium-based monofunctional radical dimer, is more encouraging, showing weak Se---Se interactions between the dimer units. ' In an attempt to influence the solid-state packing of dimer units in a controllable way, we have synthesized and structurally characterized the 2-, 3-, and 4-cyanophenyl-substituted radicals 4,s (E = S, Se), and 6 (E = Se). The idea behind this strategy can be traced back to the structure of piodobenzonitrile and, indeed, to that of the cyanogen halides X C N (X = C1, Br, I).* In the solid state all of these systems adopt a packing pattern in which the molecules align themselves into ribbonlike chains, with close CN---X contacts ties. In the present paper we report the preparation and solid-state structures of the radical dimers of 4, 5 (E = S, Se), and 6 (E = Se) .
Results

Preparation of Radicals and Radical Dimers. The 3-and 4-
cyanophenyl-substituted dithia-and diselenadiazolium cations necessary for the production of 4 and 5 were prepared by condensation of either the free cyanobenzamidine or its N,N'-bis-(trimethylsilyl) lithium salt with sulfur or selenium dichloride. The 2-cyanophenyl-substituted diselenadiazolium cation was prepared by the condensation of the bicyclic derivative 7 with selenium dichloride (eq 1). We have been unable to prepare the 7 NSIMes (1) corresponding dithiadiazolium cation in good yield from this reagent. The radicals were generated directly from the parent cations by reduction with triphenylantimony and purified by vacuum sublimation at 120-160 "C/ Torr, which afforded the radical dimers. In the case of the dimer of the 3-cyanophenyl sulfur radical 5 (E = S), two crystalline phases, hereafter termed a (needles) and j3 (blocks) could be grown. This behavior is reminiscent of the polymorphism exhibited by the biradical 1 (E = Se). A second phase of the dimer of the 2-cyanophenyl selenium radical 6 (E = Se) was also obtained, in addition to the blocklike crystals characterized below, but the feathery nature of this phase rendered it unsuitable for structural analysis.
Crystal Structures. The six crystal structures reported here can be divided into two groups. The larger group consists of radical dimers [NCC6H4(CN2E2)I2 exhibiting a cofacial geometry, Le., 4 (E = S, Se), 5 (E = Se, S (a-phase)) and 6 (E = Se). ORTEP drawings of dimers of 4-6 (E = Se), illustrating the atom numbering schemes and characteristic twisting of the phenyl rings with respect to the CN2E2 ring, are provided in Figure 1 . Tables I-VI  list (2) 0.0121 (2) 0.2319 (2) 2.31 (7) Se3 0.0436 (2) 0.1756 (2) -0.0066 (2) 2.29 (8) Se4 0.2394 (2) 0.1991 (2) -0.0407 (2) 2.25 (8) N1 0
0.0480 (2) -0.208 (2) -0.3800 (2) 2.5 (8) C16 0.115 (2) -0.462 (2) -0.727 (2) 4 (1) @ ESDs refer to the last digit printed. Bi, is the mean of the principal axes of the thermal ellipsoid. parameters are available in the supplementary material).
In all cases the internal E-E bonds and the intradimer E---E separations are reminiscent of those seen in both the monofunctional and bifunctional radical dimers reported previously. In Table 111 . Atomic Coordinates for Non-Hydrogen Atoms of the Dimer of 5 (E = S, a-Phase)" (5) 3.5 (3) 0.1039 (7) 5.3 (4) 0.1476 (7) 5.8 (4) 0.1638 (6) 2.8 (3) 0.0845 (5) 2.7 (3) 0.1208 (6) 2.7 (3) 0.0439 (6) 2.9 (3) -0.0691 (6) 3.1 (3) -0.1026 (6) 3.4 (3) -0,0273 (6) 3.0 (3) 0.0788 (6) 3.5 (3) 0.1354 (6) 2.6 (3) 0.0660 (6) 2.8 (3) 0.1185 (6) 2.8 (3) 0.0511 (6) 2.8 (3) -0.0663 (7) 3.5 (3) -0.1175 (6) 3.4 (3) -0.0518 (6) 3.4 (3) 0.1055 (7) 4.0 (4) "ESDs refer to the last digit printed. 'Bi, is the mean of the principal axes of the thermal ellipsoid. (6) 1.2168 (6) 1.2391 (6) 0.711 (4) 0.737 (4) 1.156 (4) 1.182 (4) 0.640 (4) 1.160 ( 5 ) 0.690 (5) 0.641 (5) 0.660 ( 5 ) 0.601 (5) 0.499 (6) 0.480 ( 5 ) 0.535 (4) 0.628 (6) 1.163 (5) 1.089 (5) 1.141 (5) 1.091 (5) 1.017 ( 5 ) 0.982 (5) 1.037 (5) 1.130 (5) 0.0252 (2) -0.0356 (2) 0.0054 (2) (2) -0.377 (2) 0.1868 (4) 2.7 (2) 0.3606 (4) 3.2 (2) 0.1620 (4) 3.1 (2) 0.3402 (4) 3.1 (2) 0.092 (2) 2.4 (a)* 0.272 (3) 3.7 (7)' 0.077 (2) 2.2 (6)* 0.263 (3) 2.3 (6)* 0.113 (3) 3.5 (7)* 0.138 (3) 4.4 (9). 0.166 (3) 2.1 (8)* 0.081 (3) 2.7 (8)* 0.123 (3) 2.0 (7). 0.049 (3) 2.3 (8)* -0.066 (4) 3 (1). -0.100 (3) 2.8 (8)* -0.029 (3) 2.1 (7)* 0.086 (4) 3.2 (9). 0.141 (3) 2.3 (8)* 0.067 (3) 2.3 (8)* 0.118 (3) 2.5 (8)* 0.042 (3) 2.3 (8)* -0.071 (4) 2.9 (9)' -0.116 (3) 2.3 (8)* -0.050 (3) 2.0 (7)* 0.097 (3) 3.2 (9)* nESDs refer to the last digit printed. 'Bi, is the mean of the principal axes of the thermal ellipsoid. The starred atoms were refined isotropicall y.
contrast to these cofacial dimers, the dimeric unit in the @-phase of the 3-cyanophenyl sulfur derivative 5 (E = S) adopts a trans-antarafacial geometry (Figure 2) , the two dimer halves being related by a crystallographic center of symmetry. Such an arrangement is reminiscent of the structures adopted by salts of the [S3N2];+dication? The S---S separation of 3.141 (1) A remains similar to those seen in the more common cofacial dimers. The (2) 0.2619 (2) -0.0155 (2) 0.1922 (2) 0.1078 (2) 0.1023 (2) 0.0169 (2) -0.0608 (3) -0.0528 (3) 0.0308 (3) 0.0020 (3) 0.4299 (1) 0.7422 (1) 0.3220 (4) 0.6706 (3) 0.7177 (4) 0.4588 (4) 0.3749 (4) 0.5173 (4) 0.4422 (4) 0.2260 (4) 0.0851 (4) 0.1586 (4) 0.5950 (4) -0.05590 (3) 0.00927 (3) (4) 3.68 (5) 2.21 (4) 2.21 (4) 2.31 (4) 2.42 (4) 2.94 (4) 3.03 (5) 2.67 (4) 2.69 (4) " ESDs refer to the last digit printed. Bi, is the mean of the principal axes of the thermal ellipsoid. (3) 0.9883 (3) 1.1661 (3) 0.9878 (3) 1.112 (1) 0.932 (1) 1.1130 (1) 0.931 (1) 0.693 (2) 0.6970 (2) 0.999 (2) 0.951 (1) 0.840 (2) 0.799 (2) 0.869 (2) 0.974 (2) 1.016 (2) 0.761 (2) 1.000 (2) 0.948 (2) 0.838 (2) 0.798 (2) 0.862 (2) 0.970 (2) 1.012 (2) 0.767 (2) 0.5119 (2) 0.5467 (2) 0.4536 (2) 0.767 (2) 0.672 (2) 0.709 (2) 0.615 (1) 0.748 (2) 0.684 (2) 0.773 (2) 0.909 (2) 0.934 (2) 1.064 (2) 1.172 (2) 1.149 (2) 0.826 (2) 0.716 (2) 0.847 (2) 0.865 (2) 0.994 (2) 1.105 (2) 1.089 (2) 0.962 (2) 0.756 (2) 1.0210 (2) 3.2 ( i j 3.5 (1) 3 " ESDs refer to the last digit printed. Bi, is the mean of the principal axes of the thermal ellipsoid. The starred atoms were refined isotropically . (4) (E---E)' 3.10 (2) 3.23 (4) 3.13 (2) 3.27 (4) ribbons that weave across the yz plane in the y direction ( Figure  4) . As in the 4-cyanophenyl derivatives, there are close E---E contacts between adjacent ribbons in the same plane. These contacts, which span crystallographic inversion centers, arise from quite different molecular approaches, one being the head-on E2---E4'contact d3 (4.170 (3) Figure 5 . The dimers lie in sheets in the yz plane and form extended arrays in they direction linked by head-to-tail CN---Se contacts (mean 3.07 A). As in both the 4-and 3-cyanophenyl derivatives there are close approaches between adjacent dimers; these interactions are characterized by the Se2---Se3' and Sel---Se4' contacts d3 and d4 (mean value = 4.05 (1) A). As in the 3-cyanophenyl compounds the radical dimers stack along x in a nearly vertical fashion, although the offset from perpendicularity is now 11.5'. Relatively close interdimer Se---Se contacts (mean 4.083 A) are, however, still maintained.
Summary and Conclusions
The cyanophenyl group serves as an effective structure-influencing ligand when attached to dithia-and diselenadiazolyl radicals. The CN---S/Se interactions which are produced in the (10) Bondi, A. J. Phys. Chem. 1964, 68, 441 . 1,3-biradicall. In the context of optimizing packing patterns and close interradical contacts, it is interesting to consider whether materials based on bifunctional radicals that incorporate cyano groups may lead to better conductivity characteristics than are observed in materials based only on one of these features.
Experimental Section
Starting Materials and General Procedures. 1,2-, 1,3-and 1,4-dicyanobenzene, lithium bis(trimethylsilyl)amide, trimethylsil yl chloride, sulfur dichloride, selenium powder, and triphenylantimony were all obtained commercially (Aldrich). Sulfur dichloride was distilled prior to use, and LiN(SiMe3)2 was converted to its diethyl etherate in order to facilitate amidine synthesis." Compound 7 was prepared by a modification of the synthesis reported in the literature.I2 Accordingly, 1,2dicyanobenzene and LiN(SiMe3)2 were reacted together in a 1:l mole ratio (instead of 1:2) in toluene, and the mixture was then quenched with trimethylsilyl chloride. The product was distilled at 120 "C/O.l Torr (yield 78%) to give an orange liquid which solidified on cooling to room temperature. The infrared spectrum of this material was in agreement with the literature data.I2 Acetonitrile (Fisher HPLC grade) was purified by distillation over P205. All reactions were performed under an atmosphere of nitrogen. Selenium tetrachloride was prepared using the literature method.13 Mass spectra (70 eV, EI) were recorded on a Kratos MS890 mass spectrometer. Infrared spectra (CsI optics, Nujol mulls) were obtained on a Nicolet 2OSX/C FTIR instrument. Elemental analyses were performed by MHW Laboratories, Phoenix, AZ.
Preparation of 4 -c y a l K b "
' .I4 Solid LiN(SiMe3),.Et20 (15.2 g, 63 mmol) was added to a slurry of 1,4-dicyanobenzene (11.3 g, 88 mmol) in 120 mL of diethyl ether, and the reaction was stirred for 2 h. The reaction mixture was then poured onto 200 mL of 0.1 M HCI, and after the two layers were fdtered and separated, the aqueous solution was heated to 80 OC and filtered. The pale yellow mother filtrate was made basic with aqueous sodium hydroxide, and the white solid precipitate so obtained was filtered, air-dried, and recrystallized from an ethanol/toluene mixture (yield 4.4 g, 48%).
Reparatim of 1Cyanobe"idine. Solid LiN(SiMe3),4?t20 (24.2 g, 0.10 mol) was added to a slurry of 1,3-dicyanobenzene (1 1.8 g, 92 mmol) in 100 mL of ether. After 20 min all solid material had dissolved, giving a pale yellow solution which was poured onto 200 mL of 10% HCl. The aqueous layer was separated and made basic with aqueous sodium hydroxide. The heavy white precipitate was filtered off, washed with cold water, air-dried, and recrystallized from an ethanol/toluene solution (yield 9.7 g, 73%). = 3,4) . These two compounds were prepared by a modification of the procedure used for the simple amidines (vide supra). In typical preparations toluene was added to an ethereal solution of the N-lithiated derivative obtained by the treatment of the nitrile with LiN(SiMe3)2. The resulting networks are characterized by E---E contacts to adjacent ribbons which, in general, are longer than the corresponding contacts in the structures of phenylene-bridged bifunctional radicals. However, it is interesting that here, as in the bifunctional systems, the interstack Se---Se contacts are closer than the corresponding S---S approaches. To the extent that orbital overlap can be considered to be operative, such iteractions are binding the selenium-based materials together more effectively.
(x
RepMti~a of N-Lithio-N'"-bis(try~l)-X-cymobeaunn 'diw
Alignment of consecutive layers of ribbons so as to generate vertical or pseudovertical arrays of CN2E2 dimers, as found for the 2and 3-cyano derivatives, is a hitherto unobserved feature for a monofunctional dithiadiazolyl or diselenadiazolyl radical.
However, while the desired stacking mode is observed in the 2and 3-cyano structures, the interdimer contacts dl and dz are longer than those seen in the a-phase of the 1,3-phenylenebridged bifunctional radicals; the long E---E contacts in these latter compounds are 3.966 A for E = S and 4.014 A for E = Se. The longer contacts (less compressed stacking) in the present systems may simply be a reflection of the deviation from purely vertical ordering.
As a result of the greater distortion away from a uniformly spaced array of radicals, Le., 3, the band gap in these materials is expected to be greater than in the previously described bifunctional materials, indeed the Ccyano materials are insulators. Single-crystal conductivity measurements on the 3-cyano selenium compound 5 (E = Se), whose structural and thermal properties are the best of the present series, are shown in Figure 6 Biochem. Phormacol. 1988, 37, 4747 .
The present method affords the compound in higher yield. (CN#4e2)]. The crystals have a strong tendency to twin. The crystal chosen for data collection was the least twinned of numerous crystals examined. Because of the anomalous backgrounds attributed to twin components, six reflections were given zero weight in the full-matrix least-squares refinement. The relatively high value of R and the large thermal ellipsoids with shapes and orientations which are marginally acceptable are also ascribed to unknown effects of this twinning on the data set collected. The largest peaks on the final difference map were located midway between the Se atoms along the lines of the dimerization linkages.
u-[3-NCC&(CN&)l2. Both of these compounds produce twinned crystals upon sublimation. The twinning was much more of a problem for the selenium derivative. Numerous crystals were mounted on the diffractometer; many were twinned so badly that the main lattice could not be found. In the selenium case the high merge for duplicate data and significant intensity for several symmetry-forbidden reflections also indicated a twin component. The data sets used for refinement represent the best we found, but both the refinements had to involve nonroutine procedures to overcome the effects of twinning on the data. In both cam this included giving zero weight to particular zones of reflections for which all had F, >> Fc. Only those reflections which had AF values significantly greater than the largest AF for reflections with F, < F, were zero-weighted. For the sulfur crystal this involved 17 reflections, 16 of which had h = 3. For the Se crystal 40 reflections were excluded using the above criteria, of these 32 had h = 4. In the Se crystal difference map peaks in the general plane of the Se atoms of the dimer indicated the possible nature of the major contributors to this twinning; there were peaks at S e s e separations consistent with the displacements of the dimer unit along the Se---Se 3.2-A vectors. Two sets of four Se positions (as if two more dimer units were interstitial with the main unit) were included in the refinement. These fractional Se atoms were constrained to map positions with isotropic B values set at 3, and the multiplicities were refined. One set (which had positions of approximately x -0.28, y , z, of the main dimer) refined to an occupancy factor of 0.063. The other set (at x -0.16, y, z ) refined to an occupancy factor of 0.037. The inclusion of these traces of Se atoms led to a significant reduction of the highest difference map residual and, perhaps more significantly, produced a refinement with much more reasonable values for the isotropic thermal parameters of the N and C atoms. Inclusion of complete dimer units attached to these Se positions and parallel to the main dimer unit gave some additional improvement, but in view of the fact that the parallelism was arbitrary, this model was not used. Only the Se positions indicted by difference maps were used as outlined above.
